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CharacterizingtheInteractionBetweenRoutingand
MAC Protocolsin Ad-hocNetworks

Abstract: We empirically study the effect of mobility on the performanceof protocolsdesignedfor wireless
ad-hocnetworks. An importantobjective is to studythe interactionof the RoutingandMAC layer protocolsunder
differentmobility parameters.We usethreebasicmobility models: grid mobility model, randomwaypointmodel,
and exponentialcorrelatedrandommodel. The performanceof protocolsis measuredin termsof (i) latency, (ii)
throughput,(iii) numberof packetsreceived,(iv) long termfairnessand(v) numberof controlpacketsat theMAC and
routing layer level. Threedifferentcommonlystudiedroutingprotocolsareused:AODV, DSRandLAR1. Similarly
threewell known MAC protocolsareused:MACA, 802.11andCSMA. Our main contribution is simulationbased
experimentscoupledwith rigorousstatistical analysisto characterizethe interaction of MAC layer protocolswith
routinglayerprotocolsin ad-hocnetworks.Fromtheresults,we canconcludethefollowing:

� No singleMAC or Routingprotocoldominatedtheotherprotocolsin their class.Probablymoreinterestingly,
noMAC/Routingprotocolcombinationwasbetterthanothercombinationsoverall scenariosandresponsevari-
ables.

� In general,it is not meaningfulto speakabouta MAC or a routingprotocolin isolation.Presenceof interaction
leadsto trade-offsbetweentheamountof controlpacketsgeneratedbyeachlayer. Theresultsraisethepossibility
of improving theperformanceof a particularMAC layerprotocolby usinga cleverly designedroutingprotocol
or vice-versa.

Thusin orderto improvetheperformanceof acommunicationnetwork, it is importantto studytheentireprotocolstack
asa singlealgorithmicconstruct; optimizingindividual layersin thesevenlayerOSI stackwill not yield performance
improvementsbeyond a point. A methodologicalcontribution of this paperis the useof statisticalmethodssuchas
analysisof variance(ANOVA), to characterizethe interactionbetweenthe protocols,mobility patternsandspeed.
Suchmethodsallow usto analyzecomplicatedexperimentswith largeinputspacein asystematicmanner.

1 Intr oduction

Designof mobile ad-hocnetworks is currentlyan extremelyactive areaof research.Mobile ad-hocnetworks lack
a fixed infrastructurein the form of wireline, or basestationsto supportthe communication.Interestin ad-hocnet-
worksfor mobilecommunicationshasalsoresultedin a specialinterestgroupfor Mobile, Ad-hocNetworking within
the InternetEngineeringTaskForce(IETF). Mobile ad-hocnetworks imposespecificrequirementson the designof
communicationprotocolsat all levelsof theprotocolsstack.Many MAC layerandrouting layerprotocolshave been
proposedanddesignedfor ad-hocnetworks. Theseprotocolsneedto fulfill a multitudeof designandfunctionalre-
quirements,including,(i) High throughput;(ii) Low average latency;(iii) Heterogeneoustraffic (e.g. data,voice, and
video); (iv) Preservationof packet order; and (v) Supportfor priority traffic. (See [RS96, Ra96, Ba98].) As ad-
hocnetworks lack fixedinfrastructurein theform of basestations,fulfilling theabove statedfunctionalrequirements
becomesall themoredifficult.

A commonlyknown groupof MAC protocolsis basedon the carriersensemultiple access(CSMA) paradigm.
The ideabehindthis paradigmis to reserve transmissionchannelat the originator(source)by carriersensing.Until
recentlyCSMA basedprotocolssupportedonly singlechannelcommunication,but now, multiple channelextensions
havebeenproposed[NZD99]. Many protocolshavebeenproposedto avoid thehiddenterminalproblems.Two notable
examplesaretheMACA [Ka90] andMACAW [BD+94] protocols.MACA introduceda reservationsystemachieved
with exchangeof an RTS/CTS(RequestTo Send/ClearTo Send)pair of control packets. MACAW alsorecognizes
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theimportanceof congestion,andexchangeof knowledgeaboutcongestionlevel amongentitiesparticipatingin com-
munication. An advancedback-off mechanismwasproposedto spreadinformationaboutcongestion.Furthermore,
thebasicRTS/CTS/DATA reservationschemahasbecomeanRTS/CTS/DS/DATA/ACK schemawith significantlyim-
provedperformance.In theseprotocolsmessageoriginatorsreservereceptionareaat thesinkby exchangeof RTS/CTS
controlmessages.This is in contrastto CSMA wherereservationwasdoneat originators.This powerful methodhas
a drawbackof introducingsmallcontrolpacketsinto thenetwork that latercollide with otherdata,control,or routing
packets. IEEE 802.11MAC standard[OP] wasdesignedwith a reservationsystemsimilar to MACA or MACAW in
mind. 802.11hasalsoimproved fairnesscharacteristics,however, in [LNB98] authorspoint out deficienciesin the
fairnessof this protocol,aswell. Detaileddiscussionof theseprotocolsis omitteddueto lack of spaceandcanbe
foundin [Ra96, BD+94, 802.11].

The role of routing protocolsfor mobile/ad-hocnetworks is to find the shortestpathfrom the sourceto the sink
of a datatransmission.The quality of theseprotocolsis measuredby the numberof hopsthat datapacketsneedto
reachits destination. Routingprotocolsfall in oneof the two categories: proactive, or reactive. Reactive routing
protocolsarealsoreferredto ason-demand. Proactive protocolsattemptto maintainroutesto all destinationsat all
times,regardlessof whetherthey areneeded.Into thesecondcategorybelongroutingprotocolswhich try to establish
a routeto therecipientwhenit is needed– on-demand.Exampleof sucha protocolis DSR[JM96] whereinformation
aboutpossibleroutesis doneby flooding thenetwork with routingpackets. Methodsbasedon distancevectors have
beenproposed– DSDV andAODV [PR99]. DSDV is derivedfrom theclassicaldistributedBellman-Ford algorithm.
TORA is an exampleof a distributed on-demandrouting algorithm. This protocol hasan advantageof localizing
algorithmicreactionwhenever possible.Routeoptimality in this protocolis consideredof secondaryimportance.A
comprehensivesurvey of variousroutingprotocolscanbefoundin [RS96]. Performancecomparisonof variousrouting
protocolsfor ad-hocnetworkscanbefoundin [BM+98].

In this paper, we considerthreewell known routing protocols: (i) Dynamic SourceRouting Protocols(DSR)
[JM96], (ii) Ad-hoc On-demandDistanceVectorRouting(AODV) [PR99] and(iii) Location-AidedRouting(LAR)
Scheme1 [KV98]. Similarly we considerthreewell known MAC layerprotocols:(i) CSMA/CA, (ii) MACA and(iii)
802.11.Dueto lackof spacedetaileddescriptionof theseprotocolsis omittedbut canbefoundin thecompleteversion
of this paper.

Many mobility modelsfor ad-hocnetworkssimulationshave beenproposed.Theseincludethe randomwaypoint
model[JM96], randommobility model[ZD97], andexponentialcorrelatedrandommodel(ECRM)[RS98]. Thefirst
two specifymovementfor individualnodes,whereastheECRmodelis agroupmobility model.It specifiesmovement
of a groupof nodesin a correlatedway. This modelprovidesa morerealisticmodel for nodemovement. A more
sophisticatedmodelis theReferencePoint GroupMobility (RPGM)model[HG+99]. See[HG+99, BCSW98,RS96,
RS98]for acomprehensivediscussionof othermobility models.

2 Our Contrib utions

We conducta comprehensive simulationbasedexperimentalanalysisto characterizethe interactionbetweenMAC
androuting protocolsin mobile ad-hocnetworks. Our work is motivatedby the earlierwork by Balakrishnanet.al.
[BS+97, KKB00] andtherecentresultsby Royeret.al.[DPR00, DP+,RLP00] thatnotetheinterplaybetweenRouting
andMAC protocols. In [DPR00], the authorsconcludeby saying– “This observationalso emphasizesthe critical
needfor studyinginteractionsbetweenprotocol layerswhendesigningwirelessnetworkprotocols”.

This paperaimsto undertakepreciselysucha study. We employ threedifferentmobility models:(i) grid mobility
modelthatsimulatesmovementof nodesin atown with grid architecture,(ii) therandomwaypointmobility modelthat
approximatesmobility in squareareabut thedirectionalityanddurationis random,and(iii) theexponentialcorrelated
randommobility model [RS98] that approximatesmovementof groupsof nodesin a squarearea. The modelsare
all qualitatively different. At oneextremeis the randomwaypointmovementmodelwith no predictablemovement,
while ontheotherextremeis theECRmodelwherepointsform clustersandtheseclustersmovein fairly deterministic
fashion.Thegrid mobility modelis somewherein themiddle.

Apart from mobility patterns,we studythe effect of speedsandinjection ratesof packetson the systemperfor-
mance.Thusour input variablesare:
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1. Routing protocols: AODV, DSR,LAR1. Thesearedenotedby
���

, �����	��
 . Thesetof routingprotocols
will be denotedby

�
. The routing protocolswere chosenkeepingin mind the recommendationsmadeby

[DPR00, JL+00] afterundertakingadetailedexperimentalstudyof recentroutingprotocols.

2. Speedof Nodes:10m/s,20m/sand40m/s.1 Thesearedenotedby ��
 , ��������
 . Thesetof all speedswill be
denotedby � .

3. MAC protocols:802.11,CSMA andMACA. Thesearedenotedby ��� , �	������
 . Thesetof MAC protocols
will bedenotedby � . Again thechoiceof theseprotocolsis basedon thestudyin [RLP00, WS+97].

4. Injection rates: low (0.05second),medium(0.025second)andhigh (0.0125second).The injection ratesare
denotedby ��� , �	������
 . Thesetof injectionrateswill bedenotedby � .

Ourevaluationcriteriaconsistsof followingbasicmetrics:(i) Latency: Averageendto enddelayfor eachpacketas
measuredin seconds,andincludesall possibledelayscausedby bufferingduringroutediscovery, latency, queuingand
backoffs, (ii) Totalnumberof packetsreceived(andin somecasespacketdelivery fraction)(iii) Throughput:Thetotal
numberof uniquedatapacketsreceived in bits/second,(iv) Long termfairnessof theprotocols,i.e. theproportional
allocationof resourcesgiven to eachactive connectionand(v) Control Overhead: The numberof control packets
usedby MAC androutinglayers.Eachof theinput parametersandtheperformancemeasuresconsideredhereis used
in oneof theearlierexperimentalstudies[DPR00, DP+,BM+98, KV98, RLP00, RS98]. We briefly commenton the
parameterschosenin [DPR00, RLP00] sincethetwo studiesareclosestto theonein this paper. Theauthorsconsider
two parametersthatwe havenot variedin this simulation:(i) Pausetime in movementmodelsand(ii) totalnumberof
connections.In our casethe pausetime is always0 andthe numberof connectionshave alwaysbeenkept constant.
On theotherhand,we vary (i) theinjectionrate,(ii) themovementmodelsand(iii) speeds.Theseparamtersarekept
constantin [DPR00, RLP00]. Basedon thediscussionin [DPR00], a pausetime of zeroandour injectionrateswhich
startat .05secondandupimply thatourscenariosmightbeconsidered“stressful”.Mostof our resultsagreewith their
generalfindingsin this regime.

Eachcombinationof the input variablecorrespondsto a scenario. The total numberof scenariosconsideredis

! #"%$&� . We ran eachscenario10 times to get a reasonablesamplesize for statisticalanalysis. This resultedin
1620runs.We constructed3 basicexperiments:eachcorrespondingto oneof themobility models.For eachof these
mobility models,wehave81scenariosand1620runs.In ourexperiments,wemaketwo importantobservations.(i) All
parametersconsideredhereareimportantandcannotbe ignored. Specifically, theresultsshow thattwo andthreeway
interactionsarequitecommon;moreover, theinteractingvariablesdiffer for differentresponsevariables(performance
measure).Thusomitting any of theseparametersis not likely to yield meaningfulconclusions.(ii) The variationin
parametersrepresentsrealisticpossibilities.Othercloselyrelatedstudieshavealsoconsideredsimilarparameters.See
[RLP00, DPR00,DP+].

Giventhe largenumberof variablesinvolvedi.e. MAC, router, injectionrate,nodes’speed,mobility andseveral
levelsof eachvariables,it is hardto deriveany meaningfulconclusionsby merelystudyingplotsandtables.

In orderto effectivelydealwith thecombinatorialexplosion,andto draw conclusionswith certainlevel of precision
andconfidence,we resortto well known techniquesin statisticsthat cansimultaneouslyandeffectively handlesuch
datasets.Wesetupa factorial experimentaldesignandmeasuretheresponseof 3 importantresponsevariables(output
metrics).We useanalysisof variance(ANOVA) to performstatisticalanalysis.A methodologicalcontribution of this
paperis to usestatisticalmethodsto characterizetheinteractionbetweentheprotocols,mobility patternsandspeed2.
Eventhoughit is widely believedthattheseparametersinteractin affectingtheperformancemeasure,to ourknowledge
a formal studysuchastheoneundertakenin this paperhasnot beenpreviously done.Thesimplestatisticalmethods
usedherefor analysisof network/protocolperformancemodelingareof independentinterestandcanbeusedin several
othercontexts.

While intuitively it is clear that different levels in the protocolstackshouldaffect eachother in mostcases;to
thebestof our knowledgea thoroughunderstandingof this interactionis lacking. Theonly relatedreferencesin this
directionthat we areawareare[BS+97, KKB00, RLP00, DPR00, DP+]. In [KKB00], the authorswerespecifically

1m/sstandsfor meterspersecond.
2Thestatisticaltechniquesusedin this paperarewell known androutine;but to ourknownledgehave notbeenpreviously appliedin oursetting.
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consideringTCP/IPprotocolandhave devisedanelegantsnoopprotocolthatconceptuallysitsbetweenthetransport
layerandthenetwork layerto overcomethis problem.It alsopointout how shorttermfairnessof theMAC canaffect
theTCP/IPperformancewhich in turn canaffect theoverall performanceof thecommunicationsystem.In [RLP00]
theauthorsconsideredperformanceof routingandtheeffect of MAC layerson routingprotocols.Our resultscanbe
viewedasfurtheringthestudyinitiatedin [RLP00]3 in thefollowing ways:

1. In [RLP00], the authorsconsidera multitudeof routing andMAC protocolsasconsideredhere. But the au-
thorsdid not considersimultaneouslytheeffect of injection rates,spatiallocationof connectionsandmobility
modelsin characterizingtheinteraction.As our resultsshow eachof theseparametersplay a significantrole in
characterizinginteraction.

2. Statisticalmethodsto characterizeandquantifyinteractionsbetweenprotocolshavenotbeenconsideredprior to
thispaper. Moreover, we characterizetheinteractionnot only betweentheMAC andRoutingprotocolsbut also
betweenotherinput parametersandshow thatin many casesaresignificant.

3. In [RLP00], the authorsleaveopenthe questionof characterizingthe interplay betweenOn DemandRouting
protocolsand MAC protocols. This papertakesthe first stepin this directionandconsidersAODV andDSR
(bothof which areon demandroutingprotocols).Our findingsshow thattheseprotocolsexhibit differentlevels
of variationsdueto MAC protocols.

4. Finally, thepapernot only aimsto studytheeffectsof MAC layeron routinglayerbut alsostudiestheeffect of
routing layeron theMAC layer. Theresultsshow that the interactionis bothways: routing layersaffect MAC
layersandMAC layersaffect routinglayers.

2.1 Summary of Experiment SpecificResults

We first summarizeresultsspecificto eachexperiment.Dueto lack of space,we havechosento elaborateon theGrid
mobility model for statisticalanalysis(Section5) andhave chosenECR model to discussmodelspecificempirical
results(Section6). Neverthelesstheoverall conclusionsof thestatisticalanalysisaresummarizedin Figure1. Details
for thestatisticalandempiricalanalysisof theothermodelscanbeobtainedfrom theauthors.

Experiment 1: Grid mobility model. CSMA andMACA did notperformwell. For MACA, thiswasaccompaniedwith
an extremeincreasein MAC layercontrol packetsgenerated.InteractionbetweenMAC androuting layer protocols
is quite apparent.Control packetsat the routing layer in many casesfailed to deliver the routeto the source. This
was especiallyapparentat higher speedsand agreeswith the earlier experimentalstudies[DPR00, DP+, BM+98,
KV98, RLP00, RS98]. This causedthe datapackets to spendinordinateamountsof time in the nodebuffers and
their subsequentremoval dueto time outs. Numberof controlpacketsfor 802.11wasalsoextremelyhigh andvaried
underdifferentroutingprotocols.Yet it is fair to saythat it performedsubstantiallybetterthanCSMA andMACA at
low speeds.As for the routing protocols,AODV performedbetterthanDSR,or LAR scheme1 – demonstratingan
advantageof distributedrouting(AODV) informationhandlingovercentralized(DSR).
Experiment 2: Random waypoint model. Thisexperimentillustratedthedifferenceasmeasuredby responsevariables
betweenmodelsin which movementof nodesis correlatedin someway versusmodelsin which thenodemovement
is by andlargerandom.Thetemporalvarianceof individual nodedegreesandconnectivity is quitehigh. As a result
the performanceparametersexhibit the worst behavior underthis movementmodelascomparedto othermovement
models. CSMA andMACA performedpoorly. Performanceof 802.11dependedon the routing protocolused,and
performedbestwith AODV.
Experiment 3: Exponential correlated random model. ECRM representsa mobility modelthat keepsrelative dis-
tancesof nodeswithin agrouproughlyconstant.Moreover, thenodaldegreeandconnectivity characteristicsof nodes
within a groupstayroughlythesameandthis featurepositively influencesperformance.Performanceof 802.11with
thismodelis verygood,andperformanceof MACA showssignificantimprovementover therandomwaypointmodel.
Performanceof CSMA is againvery poor. Thecorrelatedmovementof nodeswithin a groupfacilitatedroutingand
decreasedthenumberof controlpacketsat theMAC aswell astheroutinglayer.

3Wearenotawareof othersuchstudiesin theliterature.
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1. Grid Mobility Model

(a) Latency: Significant3 wayinteraction– Routingprotocols,Transceiver (node)speedsandtheMAC protocolsinteract
significantly.

(b) Number of packetsreceived: Significant4-way interaction– Routingprotocols,Transceiver (node)speed,Injection
rateandtheMAC protocolsinteractsignificantly.

(c) Long term Fairness:2 kindsof 2-way interactions– Routingprotocol/MAC-protocolandMAC-protocol/Injection
Ratearesignificant.

2. ECRM Mobility Model

(a) Latency: Significant3 wayinteraction– Routingprotocols,Transceiver (node)speedsandtheMAC protocolsinteract
significantly.

(b) Number of packets received: All 2-way interactionsexcept Routing protocol/Injectionrate and Routing Proto-
col/Transceiver Speedaresignificant.

(c) Long term Fairness: Only Routing protocolsandMAC protocolsinteract. All other interactionsarecompletely
insignificant.

3. RandomWaypoint Mobility Model

(a) Latency: Unlike the first two mobility models,thereis no 3-way interactionwhenlatency is usedasthe response
measure. Among 2-way interactions,the only significantonesare MAC protocols/injectionrate, Routing proto-
cols/Transceiver speedandRoutingprotocols/MAC-protocol.

(b) Number of packetsreceived: All 2-way interactionsaresignificant.

(c) Long term Fairness:Theonly 2-way interactionsthataresignificantareMAC protocol/InjectionrateandRouting
protocol/MAC protocols.

Figure1: Brief Summary of Statistical Resultson Interactions BetweenVarious Input Variables.

2.2 Broad Conclusionsand Implications

1. Theperformanceof thenetwork varieswidely with varyingmobility models,packet injectionratesandspeeds;
andcanin factbecharacterizedasfair to poordependingon the specificsituation. No singleMAC or routing
protocol,aswell as,nosingleMAC/routingprotocolcombinationdominatedtheotherprotocolsin their respec-
tive classacrossvariousmeasuresof performance.Nevertheless,in general,it appearsthat thecombinationof
AODV and802.11is typically betterthanothercombinationof routingandMAC protocols.This is in agreement
with theresultsof [DPR00, RLP00].

2. MAC layerprotocolsinteract with routing layerprotocols.This conceptwhich is formalizedin Section3 and
5 implies that in generalit is not meaningfulto speakabouta MAC or a routing protocol in isolation. See
Figure1 for a summaryof resultson interactions.Suchinteractionsleadto trade-offs betweenthe amountof
control packetsgeneratedby eachlayer. More interestingly, the resultsraisethe possibility of improving the
performanceof aparticularMAC layerprotocolby usinga cleverly designedroutingprotocolor vice-versa.

3. Routingprotocolswith distributedknowledgeaboutroutesaremoresuitablefor networkswith mobility. This
is seenby comparingthe performanceof AODV with DSR or LAR scheme1. In DSR andLAR scheme1,
informationaboutacomputedpathis beingstoredin theroutequerycontrolpacket.

4. MAC layer protocolshave varyingperformancewith varying mobility models. It is not only speedthat influ-
encesthe performancebut alsonodedegreeandconnectivity of the dynamicnetwork thataffectsthe protocol
performance.
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Figure2: InteractionlevelsbetweenInjectionRateandSpeedof Nodes

3 Characterizing Interaction

An importantresearchquestionwestudyis whetherthefour factorsi.e. routingprotocol,nodes’speed,MAC protocol
andinjectionrateinteractwith eachotherin a significantway. Of particularinterestis to characterizethe interaction
betweentheMAC andtheroutingprotocols.

Variable Interaction. Statistically, interactionbetweentwo factorsis saidto exist wheneffect of a factoron the
responsevariablecanbemodifiedby anotherfactorin a significantway. Alternatively, in thepresenceof interaction,
themeandifferencesbetweenthelevelsof onefactorarenotconstantacrosslevelsof theotherfactor. Weillustratethis
by a simpleexample.Supposewe want to know if injectionrateandspeedof nodesinteractin affectingthenumber
of packetsreceived.Thedependentor responsevariableis thenumberof packetsreceived. TheIndependentvariables
(factors)areinjectionrateandspeedof nodes. Thegoalis to testif thereis interactionbetweeninjectionrateandspeed
of nodes.

Our main concernis not if the numberof packetsreceived differs betweendifferentspeedlevels or whetherthe
numberof packetsreceived differs betweenlow andhigh injection rates. Our main concernis to determineif one
injection rateperformsrelatively better(in termsof numberof packetsreceived) than the other for differentspeed
levels. In otherwords,is thereinteractionbetweeninjection rateandthe speedof nodes. If the differencebetween
the meannumberof packetsreceived is the samefor all speedlevels for both injection rates,thereis no interaction
betweeninjectionrateandnodes’speed.Figure2(a)showsabsenceof interactionbetweentheinjectionrateandspeed
of nodes.

However, if themeandifferencein numberof packetsreceivedfor differentspeedlevelsis significantlydifferentfor
high injectionratesversuslow injectionrate,aninteractionbetweeninjectionrateandspeedof nodesis saidto exist.
Figure2(b) shows the presenceof interactionbetweenthe injection rateandspeedof nodes.Table1 illustratesthe
conceptvia thedatacollectedfrom our simulations.Thefirst threerowsof thetableshow thatthedifferencebetween
the meanvalueof packetsreceived at high andlow injection ratesis very different for the threespeedlevels. The'

-testwhich is explainedlaterfindsthisdifferenceto bestatisticallysignificantandhenceweconcludethatspeedand
injectionratesinteractwhennumberof packetsis usedastheresponsevariable.In otherwords,onecannotexplain the
variationin numberof packetsby consideringeachof theseparametersindividually; someof thevariationis dueto the
combinationof thevariables.Thesecondpartof Table1 shows themeanvalueof latency. Thedifferencein themean
valueof latency at high andlow injectionratesis insignificantaccordingto the

'
-testat differentspeedlevelswhich

impliesthatthereis no interactionbetweenspeedandinjectionrateswhenlatency is usedastheresponsevariable.

Algorithmic Interaction. Theinteractiondiscussedaboveis betweentwo variablesandis measuredw.r.t. a response
variable(e.g. latency). We call this the variable-variableinteraction. In the context of communicationnetworks,
we alsohave anotherkind of interaction– algorithmicinteraction.Suchan interactionexistsbetweentwo protocols
(algorithms)operatingat individual transceivernodesof a communicationnetwork. Herewe usetheword interaction
to meanthatthebehavior (semantics)of aprotocolatagivenlayerin theprotocolstackvariessignificantlydueto two
differentprotocolsaboveor below it in theprotocolstack.Notethatin contrast,speedandinjectionratesarevariables
andthe valueof oneremainschangedwhenwe changethe valueof the other. Algorithmic interactioncanbe more
subtle.First, thechangein a responsevariablenow is aresultof thecomplicatedcausaldependenciesbetweenthetwo
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Speed Low Inj High Inj Diff in High-Low Inj.
MeanNumberof PacketsRecd.

10m/s 28.17 12.52 15.65
20m/s 18.51 8.39 10.12
40m/s 11.12 4.74 6.38

MeanValueof Latency
10m/s 0.61 0.81 0.20
20m/s 1.21 1.28 0.07
40m/s 2.02 1.91 0.11

Table1: This tableshows themeanvalueof the responsevariablefor high-low injection ratesanddifferentspeedof
the nodes. The interactionis found to be significantin caseof responsevariablenumber of packets received but
insignificantin caseof latency.

protocols( and ) thatmutuallyaffecteachother. Second,someof theeffectsof this interactionmightbemeasurable
while othereffectsmight not bedirectly measurable.For instance,in caseof routing protocolsalthoughthe routing
pathsneednot have commonnodes,they might causeinteractionbetweentwo MAC protocolsoperatingat distinct
transceiversthatarenot neighborsasa resultof long rangeeffects. Theseeffectscantypically be producedthrough
intermediatesequenceof routingpaths.To makemattersmorecomplicatedaroutingprotocolatagivennodeinteracts
with a routingprotocolat anothernode.Thuswe have interactionbetween:(i) two routing/MAC protocolsrunningat
two distinctandnot necessarilyadjacentnodesand(ii) a MAC anda routingprotocolrunningat thesameor distinct
nodes.We illustratethis via oursimulationexperiments.

Example 1: Considerthe following settingillustratedin Figure3(a). We have shown threepathsfrom � to * and
similarly threepathsfrom 
 to + . Thepaths �-,#.	,#* and 
	,#/0,1+ arecompletelynon-interfering.Paths �2,43�,5*
and 
�,#3�,#+ sharethenode 3 andthusclearly interfere.Thepaths ��,#67,�* and 
8,�9�,#+ areinteresting.These
pathsdonotsharenodesbut influenceeachotherin that 6 and 9 cannotsimultaneouslytransmit.This is dueto thefact
thatunderthe radiopropagationmodel,nodes6 and 9 cannot simultaneouslytransmit.Figure3 (b) shows a simple
grid. We have two connections,bothrunningfrom left to right. Oneconnectionis at thetop of thegrid andtheother
connectionis at thebottomof thegrid. (A) An exampleof asituationwhentheroutingprotocolfoundtheshortestpath.
Thus,therewasno interactionbetweenthetwo pathsshown with theactualhops.TheMAC layer transmitted1,000
packetsperconnectionandthelatency was0.017s.(B) Illustratesa situationwhentheroutingprotocolfounda route
thatis reallybad.Thepacketsreceivedwere2 for theupperconnectionand993for thelowerconnection.Thelatency
was0.17sfor theupperconnectionand0.014sfor thelower connection.(C) This showssituationthatlies in between
theprevioustwo situations.Packetsreceivedfor theupperandlower connectionswere425and983respectively. The
latency for theupperconnectionwas0.028secondsandfor thelowerconnection0.0175seconds.

Example 2: We show the interactionbetweenMAC androuting layer. The interactionis measuredby the variation
in the numberof control packetsgeneratedby eachlayer. We usedtwo routing protocols: AODV andDSR. The
MAC protocolsusedwereMACA and802.11. Interestingly, quantifyingCSMA interactionis somewhat harderto
measuresinceit doesnot generateany controlpacketsperse.We couldhave usedthenumberof back-offs asa proxy
variablethough.For illustrative purposes,theexperimentsweredoneon a staticgrid. This is donesinceit allows us
to show a spatialdistribution of controlpacketsandthusargueaboutlong rangeinteractions.Thenetwork is shown
in Figure3(c). Thereis a transmitterat eachgrid point andeachtransmitterhasthe samerange. Figureshows the
rangefor oneof the transmittervia a dottedquartercircle. Therearetwo connections.The first connectionstartsat
node :;�=<?>=@ andendsat node :;�A<B.=@ . Thesecondconnectionstartsat node :C/&<?>=@ andendsat node :D/E<B.=@ . We consider
four combinationsobtainedby usingMACA and802.11asMAC protocolsandAODV andDSRasroutingprotocols.
Figure4 shows two differenttypesof plotsonefor eachcombination(8 plots in total). Thequantitiesplottedare: (i)
distribution of MAC overheadpacketsand(ii) distribution of Routingoverheadpackets. From the figuresit is clear
that thedifferentcombinationyield differentlevelsof overhead.This phenomenonbecomesmorepronouncedin the
presenceof mobility; theaim of theexmapleis to explain thebasicidea.We havealsoplotteda spatialdistribution of
thesecontrolpacketsdepictingthecontrolpacketsproducedat eachnode.Figure5 shows examplesof MAC/routing
overheadfor threedifferent(MAC, Routing)protocolcombination.Thesquaregrid is representedin the :GFH<?IJ@ -plane
andthe the heightof the barsdenotesthe averagenumberof MAC/Routingcontrol packetsgeneratedover 10 runs
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at eachtransceiver. Interestingly, as the figuresshow, the routing protocol tries to discover non-interferringpaths.
Theotherplotsareomitteddueto lackof spaceandcanbeobtainedfrom theauthors.Theresultsclearlydemonstrate
protocollevel interaction.They alsoshow thatthespatialdistributionof theoverheadpacketsvary; thisaspectis harder
to demonstratefor dynamicnetworks. This includesthenumberof overheadpacketsandthepathsusedto move the
packets.
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Figure3: (a)and(b): Illustrationof Example1. (a) Illustratingschematicallytheeffectof routingpathsonMAC layer
protocols.(b) Figureillustratingthedifferentpathsusedby a routingprotocol. (c) Setup for Experiment2. Thefirst
figureschematicallyillustratestheconnectivity of thegraph.For clarity only theedgesincidenton thenode KCL&M?LON are
shown. Thedottedarcshows thetransceiver’s radiorange.
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Figure4: Figureshowing theMAC androutingoverheadpacket distribution for Example2. Thenetwork is asshown
in Figure3 (c). Eachfigureconsistsof four plots:onefor eachMAC/routingprotocolcombination.Theleft plot shows
theMAC overheadpacketdistribution, theright plot shows theroutingoverheadpacketdistribution.

The resultsshow that the routing protocolcansignificantlyaffect the MAC layer protocolsandvice-versa. The
pathstaken by the routing protocol, inducea virtual network by exciting the MAC protocolsat particularnodes.
Conversely, contentionat theMAC layercancausea routingprotocolto respondby initiating new routequeriesand
routing table updates.Combinedwith the resultsof [KKB00, RLP00], our resultsshow that discussionaboutthe
performanceof a MAC or a routing layer cannottypically be carriedout without putting it in context of the other
protocolsin thestack.Moreovergiventherandomizednatureof theprotocolsandconstantmovementof transceivers
in anad-hocenvironmentmakestheproblemof engineeringtheseprotocolssignificantlyharder.

4 Experimental Setup

We first describethedetailsof theparametersused.Theoverview of theparameterscanbefoundin Figure6.
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Figure5: Figureshowing the spatialdistribution of the control overheadfor Example2. The network is asshown
in Figure 3 (c). All the plots are for injection rate of 0.025seconds.Left: Resultsfor MAC layer overheadfor
(802.11,AODV). Center: Resultsfor MAC layer overheadfor (MACA,AODV) combination. Although the number
of MAC overheadpacketsappearslow, it is becausethe percentageof packetsdeliveredusing this combinationis
substatiallylowerthanwhatis deliveredusing(802.11,AODV) combination.Right: Resultsfor Routinglayeroverhead
for (802.11,AODV) combination.

4.1 Measuresof Performance

The independent(input) variablesare the routing protocol, MAC protocol, nodes’speedand the injection interval
for the packets. The following five piecesof information (also called the dependentvariable)were collected: (i)
Latency: Averageendto enddelayfor eachpacketasmeasuredin seconds,(ii) Totalnumberof packetsreceived,(iii)
Throughputin bits/second,(iv) Adjustednumberof controlpacketsat MAC layer level per1,000datapackets.4 (v)
Totalnumberof controlpacketsat routinglayerlevel.

4.2 Measuring averageLatency, Throughput and Fairness

Apart from latency andpacketsreceived that areplottedfor eachconnection(recall for mostpart we dealwith two
connections),wealsoreporttheaveragebehavior of theprotocols.Webriefly describethemethodusedtocalculatethis.
Averagethroughputandaveragelatency is simply theaverageover20 runsof eachprotocolover thetwo connections
(10for eachconnection).For fairness,let Q "�RTSVUWRYX denotetheratioof packetsreceivedfor agivenrunof theprotocol
for thetwo connections.Then Z Q ,7� Z denotesthedeviationof theprotocolfrom perfectlyequitableallocation.5 Average
fairnessis [

�]\ S;^�]\ S Q � , whereQ � is theabovestatedratio for the � th run of theprotocol.

4.3 Mobility Models

Grid Mobility Model: Thesetupof this experimentis a grid network of _a`5_ nodes.Thegrid unit is 100meters.
Thereare49 nodesthatarepositionedon thegrid. SeeFigure7(a). Themobility modelfollowsmovementin anarea
with grid architecture,i.e.,nodesat :b�W<D�c@ moveonly to oneof the8 adjacentgrid sites.If anodereachesaboundary, it
is reflectedbackandcontinuesto movewith thesamespeed.Let thenodeIDs rangefrom > to +O$ ; theIDs areassigned
row wisestartingfrom thetop andfrom left to right.

The movementof the nodesis describedquite simply. Let >��d�e�f+=$ . Nodesbelongingto the equivalence
class>8ge�h:ji7kclm+O@ startmoving to theSouth,nodesbelongingto theclass ��gn�o:ji7kElp+c@ startmoving to theNorth,
nodesbelongingto theclass*ag��h:qirkElm+O@ startmoving to theEastandnodesbelongingto theclass
ag��o:qi7kclm+O@
startmoving to theWest.Whenanodereachestheendof thegrid,movementof thenodeis reversed.Thisis essentially
reflectingtheboundaryconditionasopposedto periodicboundaryconditionusedin many othercontexts. We run the
simulationwith threedifferentnodespeeds:10 m/s,20m/s,40 m/s.

4Weadjustedthenumberof controlpacketsat theMAC layerlevel to thenumberof datapacketsinjected.Thismeansthatthenumberof control
packetswasdividedby a factorof two at theinjectionrateof 0.05second,by a factorof four at theinjectionrateof 0.025second,andby afactorof
eightat theinjectionrateof 0.0125second.

5Wetake theabsolutevaluesincetheratiocouldbegreaterthanor lessthan1 dependingonwhichparticularconnectiongot moreresources.
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1. Network Topology: Wedescribetheexperimentspecifictopologiesin respective sections.

2. Number of connections:We usetwo connections.

3. Routing protocols: AODV, DSR,LAR scheme1.

4. Movementof nodesat10 m/s,20m/s,40m/s.

5. The initial packet sizewas256 bytes,the initial numberof packetswas2,000,andthe initial injection interval was0.05
second.Eachtime the injection interval wasreducedby a factorof 2, we alsoreducedthepacket sizeby a factorof 2 but
increasedthenumberof packetsby a factorof 2. For example,if the injection interval washalved to 0.025secondsthen
thenew packet sizewas128bytesandthenew numberof packetswas4,000.This allowedusto keeptheinjectionat input
nodesconstantin termsof bitspersecond.

6. The bandwidthfor eachchannelwassetto 1Mbit. Otherradio propagationmodeldetailsareasfollows: (i) Propagation
path-lossmodel: two ray (ii) Channelbandwidth:1 Mb (iii) Channelfrequency: 2.4 GHz (iv) Topography:Line-of-sight
(v) Radiotype:Accnoise(vi) Network protocol:IP (vii) Connectiontype: TCP

7. Simulator used:GlomoSim.

8. Thetransmissionrangeof transceiver was250meters.

9. Thesimulationtimewas100seconds.

10. Hardwareusedin all caseswasa Linux PCwith 512MBof RAM memory, andPentiumIII 500MHzmicroprocessor.

Figure6: Parametersusedin theExperiments.

RandomWaypoint model: Thesetupof thisexperimentis againa grid network of _8`s_ nodes.Thegrid unit is 100
meters.Thereare49 nodes(numbered0 to 48) that arepositionedon the grid. In this modelnodesmove from the
currentpositionto a new randomlygeneratedpositionat a predeterminedspeed.After reachingthenew destinationa
new randompositionis computed.Thereareno stop-overs,i.e.,nodesstartmoving immediatelyto a new destination.
Thissetupis depictedin Figure7(b).

ECRM Model: The setupof this experimentis an areaof .=>A> ` .A>=> metersonto which we uniformly randomly
position +Ot nodes.Let thenodesbenumberedfrom > to +=$ in theorderthey arepositionedontothegrid. We divide
the nodesinto four groups. Nodesbelongingto the class >ugv��:wi7kcls+c@ form the first group, nodesbelonging
to the class ��gx�#:]i7kEls+O@ form the secondgroup, nodesbelongingto the class *�gy�#:]i7kcls+c@ form the third
group,andnodesbelongingto the class 
zgf�4:bi7kElm+c@ form the fourth group. The setupis shown in Figure7(c).
The four groupsfollow the exponentialcorrelatedrandommodeldescribedby an equationof the form x :b{}|��~@r"
x :G{�@;�=�b� S��B�~� |������m� Q �V� �-,5� �G� XW�?�~� where:(i) x :G{�@ is theposition( Q , � ) of agroupat time { , (ii) � is a timeconstant
thatregulatestherateof change,(iii) � is thevariancethatregulatesthevarianceof change,(iv) � is thevelocityof the
group,and(v) Q is gaussianrandomvariable.Let � � betheorientationof thevelocity vector � for the � -th group.The
orientationis assignedasfollows: thefirst group- south,the secondgroup- north, the third group- east,the fourth
group- west. Shoulda nodereachboundariesof the areaits orientationis reversed.After all nodes’orientationis
reversed,thegroupstartsmoving to theoppositedirection.

5 Statistical Analysis

Wesetupastatisticalexperimentto evaluatetheperformanceof thefollowing four factors;theMAC protocol,routing
protocol, the injection rateandthe speedat which the nodesaremoving in the network. Eachof thesefour factors
(variables)havethreelevels(valuesthevariablestake). Thevariablesandtheir levelsaregivenin Section2.

In our analysis,we analyze,if the four factors,interactin their effect on the performancemeasure.We perform
threedifferentanalysis,onefor eachperformancemeasureto observe the interactionamongfactors. We performa
differentsetof experimentsfor eachof themobility models.Our generalimplicationsaresummarizedin Figure1.
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Figure7: (a)Grid mobility and(b) RandomWaypointModels.We position49 nodesontoa _8`s_ grid. Thenodesare
numberedfrom thetop left cornerin rowwiseorder. Thefiguregivesanexamplefor four chosennodes.Movementfor
othernodesis not shown. Therearetwo connections:thefirst onefrom thetop left cornerto thebottomright corner,
andthesecondonefrom thetopright cornerto thebottomleft corner. (c) Exponentialcorrelatedrandommobility. We
position49nodesuniformly ontoa .A>=> ` .A>=> metersarea.Thenodesarenumberedin theordertheir randomposition
is computed.Thestartmovementdependson assignmentof thefour groups.

5.1 Experimental Setupfor the Statistical Analysis

Eachsetof experimentutilizesthreedifferentcombinationsof MAC, router, injectionrateandthespeed;thusyielding
  "y$&� different scenarios.Our performancematrix consistsof threemeasuresi.e. latency, numberof packets
receivedandthelong termfairness.

Approach: We first constructa matrix of 4 dummyvariables. For eachfactorwe createa dummyvariable. This
variabletakesavalue1, 2 and3 for thethreelevelsof thefactor. For example,thedummyvariablefor MAC protocol,
takesavalue1 whenever802.11is beingusedto calculatetheperformancematrix,value2 wheneverCSMA protocolis
beingusedandvalue3 wheneverMACA is beingusedto calculatetheperformancematrix. For theroutervariable,the
dummytakesa valueof 1 wheneverAODV protocolis beingusedandvalue2 wheneverDSRis beingusedandvalue
3 whenever LAR1 is beingusedto calculatethe performancematrix. Similar dummiesarecreatedfor the injection
rateandthe speedvariables.To detectinteractionsbetweenthe factors,we usea statisticaltechniqueknown asthe
analysisof variance(ANOVA).6 ANOVA is usedto studythesourcesof variation,importanceof differentfactorsand
their interrelations.It is a useful techniquefor explaining the causeof variationin responsevariablewhendifferent
factorsareused.Thestatisticaldetailsdiscussedbelow areroutineandareprovidedfor theconvenienceof thereader.
For moredetailson thetechniquesusedin this analysis,referto [GH96, Ron90]. Giventhatwe have four factors,we
usea four factorANOVA.

Mathematical Model: Theappropriatemathematicalmodelfor a four factorANOVA is asfollows:

6 � 
 � ����"��m|�� � |#�&
}|#� � |�����|u:G����@ � 
 |u:G���o@ � � |u:G���!@ � � |u:b�o�h@ 
 � |u:b���!@ 
�� |u:��o�!@ � �
|r:G���o�h@ � 
 � |u:G�����!@ � 
�� |u:G���T�!@ � � � |�:G�o�T�!@ 
 � � |u:G���o�o�!@ � 
 � � |#� � 
 � �w�

where

1. 6 � 
 � ��� is themeasurementof theperformancevariable(e.g. latency) for the �D�G� routingprotocol,�=�G� speed,�c�G�
MAC protocoland �G�G� injectionrate.

2. � is thenumberof runs/sampleswhich is 20 in ourexperiment.

3. � � is theeffect of routingprotocol, �&
 is theeffect of thespeedof nodes,� � is theeffect of theMAC protocol
and ��� is theeffectof theinjectionrateon theperformancemeasures.

4. The two way interaction terms measurethe interactionpresentbetweenpairsof variables :b3�<�6&@ andareas
follows:

(a) :G����@ � 
 : (routingprotocol,speedof thenodes);

6ANOVA is a linearmodel. Therearealternativesavailableto ANOVA which canhandlemuchmorecomplex statisticalproblems.Bayesian
inferenceUsing Gibbs Sampling is onesuchnono-linearmethodwhich performsBayesiananalysisof complex statisticalmodelsusingMarkov
chainMonteCarlo(MCMC) methods.ANOVA sufficesfor thepurposesof theconclusionsthatweaimat drawing in this paper.
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(b) :G���h@ � � : (routingprotocol,MAC protocol);

(c) :G���!@ � � : (routingprotocol,injectionrates);

(d) :b�h�o@ 
 � , (nodes’speed,MAC protocol);

(e) :b���!@ 
�� : (nodes’speed,injectionrates);

(f) :��o�!@ � � , (MAC protocols,injectionrate).

5. The thr eeway interaction terms measuretheinteractionpresentbetweentriplesof variables:b3�<�6T<?9c@ andare
asfollows:

(a) :G���o�h@ � 
 � : (routingprotocol,nodes’speed,MAC protocol);

(b) :G�����!@ � 
�� : (routingprotocol,nodes’speed,injectionrates);

(c) :G���o�!@ � � � : (routingprotocol,MAC protocol,injectionrates);

(d) :b�h�T�!@ 
 � � : (nodes’speed,MAC protocol,injectionrates).

6. Thefour way interaction term :C���h�T�!@ � 
 � � measuresthefour way interaction:(routingprotocol,nodes’speed,
MAC protocol,injectionrate).

7. Finally, � � 
 � �w� is therandomerror.

A scenariois a particularcombinationof MAC protocol, routing protocol,nodes’speedandinjection rate. For
example,CSMA, AODV, 10m/sandlow injection ratewould form onescenario.For eachscenariowe generate20
runs/samplesfor theanalysis.

Model Selectionand Inter pretation: Themodelselectionmethodconsideredhereis calledthestepwisemethod.This
methodassumesaninitial modelandthenaddsor deletestermsbasedon theirsignificanceto arriveat thefinal model.
Forward selectionis a techniquein which termsareaddedto an initial small modelandbackward elimination is a
techniquein whichtermsaredeletedfrom aninitial largemodel.Ouranalysisusesthemethodof backward elimination
whereeachtermis checkedfor significanceandeliminatedif foundto beinsignificant.Our initial modelis thelargest
possiblemodelwhich containsall thefour factoreffects.We theneliminatetermsfrom theinitial modelto eventually
find thesmallestmodelthatfits thedata.Thereasonfor trying to find thesmallestpossiblemodelis to eliminatefactors
andtermsthatarenot importantin explainingthe responsevariable.After eliminatingredundantfactors,it becomes
simplerto explain the responsevariablewith the remainingfactors.The smallermodelscannormally provide more
powerful interpretations

To testfour way interactionbetweentheMAC, routingprotocol,nodes’speedandinjectionratesin effectingthe
responsevariable,we performthe four factorANOVA usingthe above mathematicalmodel. This is alsocalledthe
full/saturatedmodelsinceit containsall 1-way, 2-way, 3-way and4-way interactions.After runningthis model,we
calculatethe residualsumof squares7 andrefer it by ���-:���+c@ , which standsfor residualsumof squaresfor model
number14. Thedegreesof freedom8 is referredby   ' :;�V+O@ . Now wedropthe4-way interactiontermi.e. :G���o�o�!@ � 
 � �
andrerun the ANOVA model. The resultantmodelhasnow only have 1-way, 2-way and3-way interactionterms.
Fromthis model,we cancalculatetheresidualsumof squaresfor model13, i.e. �}�-:;�~
=@ anddegreesof freedomfor
model13,   ' :;�~
=@ . We now comparemodel14 with model13 to find out if the4-way interactionis significant.If the'

-statisticturnsout to beinsignificant,we cansaythat3-way interactionmodeli.e. modelnumber13 canexplain the
responsevariableaswell asmodel14. This impliesthatmodel14canbedroppedoff without loosingany information.
Next wetestfor eachtermin model13andcheckwhichonesaresignificant.Any termthatis not importantin affecting
the responsevariablecanthenbedroppedoff. This is achievedby droppingeach3-way termoneat a time andthen
comparingthe resultingmodelwith model13. In our tables,model9 to 12 arebeingcomparedwith modelnumber
13. If the

'
-statisticis significantafterdroppingoff the term, it implies that the term thatwasdroppedoff playeda

significantrole andhenceshouldnot have beendropped.After checking3-way interactions,we compareall 2-way
interactionmodel(model8) with all 3-way interactionmodel to seeif thereis a smallermodel that canfit the data
aswell asthe 3-way interactionmodel. Justlike the 3-way model,we thendrop off oneterm at a time from model
8 andcomparethenew modelswith model8 to find out which of the 2-way interactionsaremostsignificant;in the

7For a regressionmodel, ¡!¢	£¥¤a¦z§=¨�¢h¦4©?¢ , the residualare ©?¢	£ª¡!¢�«H¤p«s§O¨¬¢ and the residualsum of squaresis ­ ¢q® ©?¢G¯C°s£­ ¢ ® ¡!¢E«J¤	«�§=¨�¢C¯C°
8Thenumberof independentpiecesof informationthatgo into theestimateof aparameteris calledthedegreesof freedom.
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ResponseVariable Latency Num. of PacketsRecd. Fairness
No. Interaction Source ±�± ²�³ ³ -test ±�± ²�³ ³ -test ±�± ²�³ ³ -test
1 All 1-way ´ µh¶b´ ±c¶b´ ·�¶b´ ¸W¶ 87879 1611 ¹Vº »~¼B½ 354609 1611 ¾�¿~º ¿�À�½ ¹Vº Á}ÂJ¼�»�Ã 801 Á~º Á�Ä�½
2 2-way ´ µ�±E¶b´ µ�·�¶b´ µ�¸W¶b´ ±�·�¶b´ ±&¸W¶ 80071 1591 2.9 283870 1591 ÁWÅ�¹Vº ¿WÅV½ Æ~º À}ÂJ¼�»�Ã 781 ÅÇº Æ�Á�½
3 2-way ´ µ�±c¶b´ µ�·�¶b´ µ�¸W¶b´ ±�·�¶b´ ·s¸W¶ 79705 1591 1.07 166571 1591 ÅÇº À�¹ ½ Æ~º ¹�ÂJ¼�» Ã 781 2.47
4 2-way ´ µ�±c¶b´ µ�·�¶b´ µ�¸W¶b´ ±�¸W¶b´ ·s¸W¶ 82480 1591 ¼;ÅÇº ¾�À ½ 189797 1591 ¹W¿~º Æ�Æ ½ Æ~º ¹�ÂJ¼�» Ã 781 2.34
5 2-way ´ µ�±E¶b´ µ�·�¶b´ ±�·�¶b´ ±&¸W¶b´ ·s¸�¶ 79541 1591 0.24 172840 1591 ¿�Á~ºÈ¼�Æ�½ Æ~º Æ}ÂJ¼�»�Ã 781 0.60
6 2-way ´ µ�±E¶b´ µ�¸W¶b´ ±�·�¶b´ ±&¸W¶b´ ·s¸�¶ 83689 1591 ¿~¼�º »�Ä�½ 199212 1591 ¼�»�»~ºÈ¼;ÅV½ Æ~º ¾}ÂJ¼�»�Ã 781 À~º À�»�½
7 2-way ´ µ�·�¶b´ µ�¸W¶b´ ±�·�¶b´ ±&¸W¶b´ ·s¸W¶ 79857 1591 1.83 166835 1591 Ä~º ÆWÅ ½ Æ~º Æ}ÂJ¼�» Ã 781 1.29
8 All 2-way ´ µ�±c¶b´ µ�·�¶b´ µ�¸W¶b´ ±�·�¶b´ ±&¸W¶b´ ·s¸�¶ 79492 1587 1.41 164903 1587 ¾~º Æ�¾ ½ Æ~º Æ}ÂJ¼�» Ã 777 1.06
9 3-way ´ µ�±�·�¶b´ µ�±&¸�¶b´ µ�·s¸W¶ 77310 1563 0.17 156619 1563 ¿�Æ~º Æ�¹ ½ Æ~º Á}ÂJ¼�» Ã 753 0.62
10 3-way ´ µ�±�·�¶b´ µ�±&¸W¶b´ ±�·s¸W¶ 77512 1563 0.68 140957 1563 Á~º À~¼ ½ Æ~º Á}ÂJ¼�» Ã 753 0.64
11 3-way ´ µ�±�·�¶b´ µ�·s¸W¶b´ ±�·s¸�¶ 77377 1563 0.34 141359 1563 ÅÇº Å�»�½ Æ~º ÅÉÂJ¼�»�Ã 753 1.06
12 3-way ´ µ�±&¸W¶b´ µ�·s¸W¶b´ ±�·s¸W¶ 79012 1563 ÅÇº Å�Å ½ 140992 1563 Á~º À�Æ ½ Æ~º ÅÉÂJ¼�» Ã 753 1.93
13 All 3-way ´ µ�±�·�¶b´ µ�±�¸W¶b´ µ�·s¸W¶b´ ±�·s¸W¶ 77240 1555 0.65 138342 1555 ÅÇº ¹WÆ ½ Æ~º Á}ÂJ¼�» Ã 745 0.80
14 All 4-way ´ µ�±�·s¸W¶ 76718 1539 131816 1539 Æ~º ¿}ÂJ¼�» Ã 729

Table2: (Experiment 1), Grid Mobility Model: This tableshows resultsof four-factorANOVA wherethefactorsare
the routingprotocol,nodes’speed,MAC protocolandthe injection rate. The responsevariablesor theperformance
measuresare the latency, numberof packetsreceived andlong term fairness.Note that the degreesof freedomfor
the fairnessmeasureis smallerthan the other two measures.This is due to the fact that the long term fairnessis
calculatedby taking the ratio of packetsreceived for the two connections.Hence20 runs/samplesleadto only 10
actualmeasurementsfor fairness.Ê shows thatthe

'
-testis significantat99Ë confidencelevel.

tables,model2-7arebeingcomparedwith model8. We continuewith theeliminationprocesstill we find thesmallest
possiblemodelthatexplainsthedata.

The sum of squares,degreesof freedomand the
'

-test value for eachof the modelsis shown in the Table 2.
Interactioncolumn shows which interactionsare includedin the model. Finally the

'
-test is calculatedusing the

following statistic: ' " ���-:CÌc@�,#���-:DÍ�@?U!  ' :GÌE@�,5  ' :CÍ�@
����ÎVÏ �Ð� U!  ' ÎVÏ �Ð�

where ���-:GÌE@ is the sum of squaresresidualsfor model Ì and ���-:DÍ�@ is the sum of squaresresidualsfor model Í .
Similarly   ' :GÌE@ is thedegreesof freedomfor model Ì and   ' :CÍ�@ is thedegreesof freedomfor model Í . The ��� ÎVÏ �Ð�
is the sumof squaresresidualsfor the full model(largestmodel) i.e. the modelwith all the four interactionterms.  ' Î~Ï ��� is thedegreesof freedomfor thefull model.

5.2 Grid Mobility Model Results(Experiment 1)

Performancemeasure: Latency. In Table2, we show the resultsfor the Grid Mobility modelusinglatency asthe
performancemeasure.We startwith an initial modelwith all the 4-way interactionsandcompareit with all 3-way
interactionsmodel. Model 14 is beingcomparedwith model13. The

'
-statisticof >&Ñ .=/ shows that themodel13 fits

thedataaswell asmodel14 sothefour way interactionis not significantin affectingthelatency measure.Similarly,
we try to find all significant3-way interactionsby droppingeach3-way term oneat a time. Looking at the

'
-test

resultsof modelnumbers9 to 12,we find model12 to bethemostsignificant.Fromthatwe concludethat therouter,
nodes’speedandtheMAC protocolinteractmostsignificantly. Notethatthis wasthecombinationthatweredropped
off from model12. To find out if thereis a smallermodelthatcanfit thedataaswell asthe3-way interactionmodel,
we further look at the 2-way interactionmodels. The

'
-testvaluesconcludethat the mostsignificantinteractionis

betweenthe routerandMAC. The othermostsignificant2-way interactionis betweennodes’speedandMAC. The
restareall insignificant. This shows that the 3-way interactionbetweenthe router, nodes’speedandthe MAC are
dueto the2-way interactionbetweenrouter-MAC andspeed-MAC. Thereis no interactionbetweenrouterandnodes’
speedasfar astheeffect on latency is concerned.Now we createa modelwith only the2-way significantinteraction
termsandcompareit with a modelcontainingonly the3-way significanttermsto find thesmallestmodelthatfits the
data.If the

'
-testfor thesetwo modelsturnsout to besignificant,weconcludethatthese3-wayinteractionscannotbe

explainedby the2-way modelandhencecannotbedroppedoff. Our resultsfind that to betrue,implying that indeed
thesmallestpossiblemodel,is the3-way [RSM] model.
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Performancemeasure: Numberof packetsreceived. Columns7, 8 and9 in Table2 show theANOVA resultsfor the
responsevariable“packetsreceived”. Theinterpretationof theresultsis similar to theresponsevariable“latency”. The
interactionresultsshow significant4-way interactionbetweentherouter, nodes’speed,MAC andtheinjectionratein
explainingthenumberof packetsreceived.The4-way interactionautomaticallyimpliesthat theremustbesignificant
2-wayand3-wayinteractionspresenttoo,althoughit doesnotimply thatall smallermodelswill besignificant.A closer
look in our case,howevershows thatall smallermodelswith 3-wayand2-way interactionaresignificant.Amongthe
2-way interactions,

'
-test shows that the MAC and injection ratesinteractmost significantly. The router and the

MAC alsointeractvery significantly. In 3-way interaction,it is the router, MAC andinjection ratethat interactmost
significantly. The3-way interactionresultsareconsistentwith the2-way resultsbecausethey all point to interaction
betweenrouter, speedand the injection rate in affecting the numberof packetsreceived. In this case,the smallest
modelhasall four factorsÒ � ���Ó�AÔ interactingsignificantly.
Performancemeasure: LongTermFairness. Thelastthreecolumnsof Table2 shows theANOVA resultsfor various
modelsusinglong termfairnessastheperformancemeasure.Theinitial setupfor a four way interactioneffect of the
factorson the fairnessmeasureis doneasexplainedbefore.Theonly exceptionis thatnow we have 10 runsinstead
of 20 for eachof the 81 scenariosmentionedabove.9 The resultsshow that both 4-way and3-way interactionsare
insignificantin affecting the fairness.Looking at the resultsof 2-way interactionsbetweenthe factors,we find that
therouterandMAC protocolinteractin themostsignificantway in affectingthefairness.Theinteractionbetweenthe
MAC andinjectionrateis alsosignificantbut not to theextentof routerandMAC interaction.In thiscase,thesmallest
modelhasonly Ò � �eÔjÒ �Ó�AÔ 2-way interactionterms.

Dueto lack of space,it is not possibleto show thedetailsof thestatisticaltestson ECRandtherandomwaypoint
mobility model.Statisticalresultsfor theothertwo modelscanbeobtainedfrom theauthorsuponrequest.However,
thesummaryof theresultsfor all thethreemobility modelsis shown in Figure1.

6 SpecificResultsfor ECR Model

Webriefly explainspecificresultsfor onemobility model.WehavechosenECRmodelsincewehavealreadydiscussed
someaspectsof grid mobility model in the previous section. Due to lack of spacethe detailson the othermobility
modelsareomittedherebut canbeobtainedfrom theauthors.

ECRM representsa mobility modelthatkeepstherelativedistancesof nodeswithin a grouproughlyconstant.LetÕ �
be the � -th groupin our setting,andlet � � be the setof nodesthat belongto the group

Õ �
. Thenany two nodesÌY<BÍ×Öz� � thathave a commonedge :CÌY<BÍ�@ at time { will alsohave a commonedgewith high probability, at time {�|�� ,�#"Ø:C>&<B�ÚÙ�Û , ��Ù is the simulationtime. This fact facilitatesrouting andtherearelower requirementson the MAC

layerprotocolsaswell. Interactionamongthefour groupsinfluencesthebehavior to amuchbiggerextent.
We make the following observations.Many of theseobservationstendto agreewith theconclusionsin [DPR00,

RLP00] qualitatively.

� CSMA andMACA do not performwell at all. Both CSMA andMACA areableto deliver no morethan20%
of the total packets,the percentagedropswith increasedspeedsandinjection rates. In addition,MACA also
produceshugenumberof MAC level controlpackets.They rangebetween70,000and100,000.This makesthe
behavior of MACA muchlessacceptablethanCSMA.

� Our resultsshow that in generalthe performanceof the systemfalls significantlywith increasedspeedfor all
MAC protocols.However(802.11,AODV) is still ableto deliver50%of thepacketsathighspeeds(40m/s)and
injectionrates(0.0125s).

� Figure8(c)depictsthedistributionof nodedegreesat threedistincttimesin thesimulation.Thenodedegreesdo
show a variation,but within limits. This allows routingandMAC protocolsto performmuchbetterthanwhen
thetransceiversmoveusingtherandomwaypointmodel.

� Figures8(a)and(b) show thedistributionsof MAC andRoutinglevel controlpacketsfor threedifferentcombi-
nations.Due to thediscussionabove, the MAC layerprotocolconsideredis always802.11.The routing layer
protocolsusedareAODV, DSRandLAR1 respectively.

9This is dueto thefactthatfairnessmeasureis calculatedby takinga ratio of thenumberof packetsreceived for thetwo connections.
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� Figrues9(a), (b) and(c) show the performanceof protocolsin termsof threeresponsevariables;Latency, %
packetsreceivedandlong term fairness.The resultsmake an interestingpoint: in contrastto recentefforts to
improve the fairnessof MAC protocols[LNB98], the resultsshow that routing layer canmake a considerable
impacton thefairnesscharacteristicsof theseprotocols.
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Figure8: (ECR mobility , 802.11,and AODV, DSR, LAR scheme1.) From left: (a) Distribution of MAC layer
control packets,(b) Distribution of routing layer control packets,(c) Distribution of nodedegreesat threedifferent
simulationtimes.
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7 Concluding Remarksand Futur e Dir ections

We characterizedthe performanceandinteractionof well known RoutingandMAC protocolsin an ad-hocnetwork
setting.Our resultsandthosein [BS+97] on thedesignof snoopprotocolssuggestthatoptimizingtheperformanceof
thecommunicationnetwork by optimizingtheperformanceof individual layersis not likely to work beyonda certain
point. We needto treat the entire stack asa singlealgorithmic constructin orderto improve the performance.The
statisticalanalysismethodusedin thispapersuggestsanengineeringapproachto choosetheright protocolcombination
for a given situation. Specifically, the analysiscombinedwith the conceptof recommendationsystemscanbe used
asanautomatedmethodfor tuningandchoosinga protocolcombinationif thenetwork andtraffic characteristicsare
known in advance.We arecurrentlyin theprocessof building sucha kernel.

Anotherimplicationof thework is todesignnew dynamicallyadaptiveprotocolsthatcanadapttochangingnetwork
andtraffic characteristicsin ordertoefficientlydeliverinformation.Moreover, evaluationof suchprotocolsasdiscussed
aboveneedsto bedonein totality. For instancewhenwesayoverheadit shouldincludebothMACandroutingoverhead
(in factshouldalsoincludetransportlayeroverheadbut is beyondthescopeof thecurrentpaper).Also, in orderto draw
meaningfulandrobustconclusionsfrom theresultsof suchcomplex experiments,it is almostessentialto usestatistical
tools which areusedextensively by other researchersin similar situations. As a next step,we plan to undertake a
morecomprehensive experimentalstudyinvolving in additionto the MAC androuting protocols,variousTransport
protocols.
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